Abstract. Metal roof decks in long-span light steel structures can become damaged and obsolete by corrosion should the roofing system become compromised. Re-roofing is conducted by either removing and replacing damaged areas (resulting in suspension of interior operations and lost revenue) or installing new decking directly over the damaged areas which can transfer corrosion to the new deck. This research conducts structural and durability analyses on a novel proposed re-roofing concept that installs a new metal roof deck over the existing deck by using a proprietary deck strap resulting in no interruption of interior processes. Preliminary structural analysis shows the proposed concept to be applicable to generic conditions around Southern Ontario. Recommendations for project specific structural analysis are made. Durability analysis demonstrates that the proposed concept system improves hygrothermal performance of the roof assembly in all cases except when insulation in the existing roof assembly is saturated. Saturated insulation should be removed prior to installing the re-roofing system.
Introduction
The use of steel roof decks on flat or low-slope roofing typically found in warehouse and long-span light steel structures is intended to perform four primary functions: (i) load distribution, (ii) lateral support (structural diaphragm), (iii) roof assembly support (membrane, insulation, etc.) and (iv) provide fire protection for the roof assembly. A compromise in the roof membrane can result in deterioration of the steel roof deck. Once the steel decking is corroded, its primary functions are compromised and the deck must be reinstated.
To date, reinstatement has been achieved by (i) removing and replacing areas of damaged decking or (ii) installing new decking directly over the damaged areas; both involve a varying degree of roof assembly replacement. Further, and possibly the largest financial concern for some buildings, removal of corroded decking typically suspends all interior operations (i.e. loss of revenue) for relatively long periods of time due to hazardous conditions and risks during the process. The installation of new decking directly over the compromised areas typically results in the transfer of corrosion between the old and new decking. Therefore it would be advantageous to provide a re-roofing system that can be installed without completely removing the existing roofing system and without propagating corrosion to the new decking.
This paper focuses on a novel concept to install a new metal deck and roof assembly above existing areas of deteriorated metal decking with little or no inter-ruption to interior processes (i.e. no loss of revenue). The process comprises a plurality of deck straps used to structurally bridge the new roof deck/assembly to the top of the main open-web steel joist system typically found in the warehouse building typology.
Two separate installation methods of the proposed concept are possible. Installation Method 1 involves the complete removal of the existing roof system waterproofing and insulation layers leaving only the existing metal roof deck. Installation Method 2 involves a partial removal of the existing roof system waterproofing and insulation layers along the open web steel joists, leaving the majority of the existing roof assembly undisturbed. In both methods, deck straps are then fastened to the existing roof deck at existing open web steel joists. A new roof deck is fastened to the deck straps and new insulation and waterproofing layers are applied. It should be noted that the dimensions of the deck strap differ between Installation Method 1 and 2 as clearance must be left to accommodate the thickness of the remaining roof assembly present in Installation Method 2, resulting in a taller deck strap.
For either installation method, two orientations are possible depending on the extent of corrosion of the existing roof deck. The re-roofing method could be applied to the entire roof area terminating at the parapet walls or roof edge or the re-roofing method could be applied in strips that span from one end of the roof to the other, but do not cover the entire roof area. In the second orientation, cant strips would be applied to address the elevation difference between the reroofed and original portions of the roof. Additionally, roof drains, chimneys, and other penetrations would be extended to accommodate the new roof elevation and to avoid any changes to roof drainage patterns and interior duct or pipe routing. This paper presents the results of structural and durability (hygrothermal) analyses to evaluate various aspects of performance of the re-roofing system, including structural behaviour under various load conditions and the system's ability to manage moisture both from the exterior and residual from the original failed assemblies.
Literature review
The North American commercial roofing materials market alone was estimated at $5.9 billion in 2014 (BCC Research 2015) . Although the cost of roof materials and the labour to replace assemblies is high, the cost of service disruption below is even greater. Few researchers have attempted to quantify the cost associated with disruption; however Wallace and Rossiter (1998) note the cost and associated risk to be very high. Lounis et al. (1998) further highlight the risk by advocating for service life prediction and thus, preventative roof replacement strategies. The proposed concept has the ability to replace compromised roof systems while leaving the original roofing intact and thus minimizes or eliminates disruptions below.
Before prototyping the proposed concept, it is important to understand the loading implications associated with adding an additional roof assembly, in addition to regional changes in snow loading from a building's original year of construction to that at the time of roof replacement. Many studies have focussed on roof loading and highlight the importance of understanding changes associated with building design, site anomalies, and weather trends (Stathopoulos, Luchian 1990; Taylor 1992; Irwin et al. 1995; Kennedy et al. 1985) .
The concerns relating to the durability of lowslope roof assemblies and management of replacement and/or repairs has been studied greatly (Rudbeck 2001; Lounis, Vanier 2000; Xing, Taylor 2011; Marques et al. 2011; Choi et al. 2012; Dong et al. 2005; Costello 2011 ). Hygrothermal analysis of new roofing strategies is essential.
Proposed concept and novel deck strap
The crux of the proposed concept, the deck strap, is shown in Figure 1 outlining key geometrical information. Fig. 1 
Structural analysis

Assumptions
-Based on typical lengths observed in the field, a sample roof measuring 2 m by 10 m was utilized in the analysis. -The roof decks were assumed to be typical Type B decks (SDI 2015). -The structure considered in the analysis was assumed to have been built in the 1980's and therefore the roofing and insulation layers are typical of the type found in commercial and industrial construction at that time. -Dead load includes the self-weight of the open web steel joists, the total weight of the deck and the material thereon, all of the interior finishes that are attached to the ceiling and ducts and fixtures that are installed under the roof. Variation in dead load from structural element sizing is taken into account. -The scope of this research was limited to southern Ontario (defined as south of the City of Sudbury). -1980 loading requirements were from CAN3-S16.1-M78 (CSA 1978).
-For current loading CSA S16-09 was used (CSA 2009). -Based on analysis by Sun (2013) , there is no appreciable difference between the wind loads in 1980 compared to that of 2010.
Strap design and analysis
The minimum design snow load on a roof was designed according to the 1980 National Building Code by multiplying the specified snow load on the ground by the appropriate snow load coefficient applicable to the particular roof area considered (NRC 1980 All loads were combined to show how the overall loading condition changes when adding the re-roofing system to a 30 year old roof. Both the 1980 and 2010 National Building Codes listed three possible combinations of dead load, snow load, and wind load as outlined in Sun (2013) . All of the combinations were calculated and the two controlling cases were found for the year 1980 and 2010 respectively. The difference between these two cases will indicate the suitability of the proposed re-roofing concept for a specific geographic location. Practically, the same calculations could be done for all 92 regions, however four representative locations were chosen in this work.
This analysis shows the importance of location and governing loading when considering the proposed concept for a building. In general, some locations will be restricted to Installation Method 1 which will increase the overall cost of the project (i.e. Huntsville). However, for many locations, the existing roofing will be able to remain (in part or in whole), thus reducing the cost of the proposed concept.
Two kinds of loading conditions were considered to illustrate the behavior of the deck strap: (i) Toronto and (ii) Maximum loading condition using the NBC 2010 (different from that in Section 3.3). Here, the loading calculation for the deck strap is only restricted to the gravity load of the new components supported by the deck strap in addition to 2010 loading requirements. To be conservative, the maximum loading con-dition combines all the maximum loading in southern Ontario based on NBC 2010. All the loads acting on the decks were assumed to be uniformly distributed loads and these loads are transferred through the decks to the upper part of the deck straps. Figure 2a outlines the force calculation of a single span of the deck strap. A span of the deck strap supports a single span of the steel deck which has a tributary area of 2000 mm by 152 mm. The 2000 mm is the distance between two adjacent open web steel joists. The 152 mm is the width of a single span deck for Type B. The total force acting on the deck strap can be obtained by multiplying the calculated controlling load by this tributary area, and then divided by the loading width of the strap (44 mm) which is the uniformly distributed load acting on the top of the model. Figure  2a is a schematic diagram because an initial imperfection is considered during calculation. More detailed information will be elaborated below.
In Figure 2a , each number stands for a node, the number in brackets is an element. It was assumed that the lower part of the strap is connected to the joist in the middle, resulting in node 1 and 25 assumed to be rigid. The bottom 15 mm member was divided into two elements. Because they are supported by the open web steel joist, nodes 2, 3, 23, and 24 are not able to move downwards in the y-direction and the boundary condition for them is rotation free and translation free (i.e. a roller). Both the diagonal members were divided into eight elements and the 44 mm section of the strap was divided into four elements, which makes a total of 24 elements and 25 nodes.
The stiffness of the element on top is variable and difficult to predict. If the deck is cast with concrete on top, the upper element of the strap will deform uniformly in the y-direction. If the deck is extremely soft, the loading condition will be uniformly distributed, which will potentially cause a large moment within the element. Because of this undefined stiffness relationship between the new deck and the upper part of the strap, the real loading condition of the strap is between a loading condition that causes uniform displacement of the upper portion and uniformly distributed load. Calculations were completed for both conditions, and the uniformly distributed load is naturally more critical for the strap. From a conservative perspective, a uniformly distributed load was used for further analysis.
Due to the uniqueness of this structure, both in dimension and loading condition, the analysis was performed based on the classical theory of elasticity.
Also, safety factors were used to evaluate the results. For stress calculations, the safety factor was set equal to 2.0, while for buckling load, the safety factor was taken as 3.0.
Maximum loading case
Figure 2a/2b presents the maximum loading case. By using the results in this case and the approach outlined above, stress and shear stress were verified.
Stress of node 11 in element 10 (same for node 15 in element 15): As can be seen above, this design will not be governed by internal stresses in either case. There is, however another possible controlling condition that required consideration, global buckling.
Buckling analysis
From Figure 2c , the maximum axial force can be found in the diagonal members and from classical stability theory. The critical buckling load can be calculated by:
For a defined cross-section, the only variable in this equation is K×L, the effective length. The actual length, L, is a known variable. Therefore, to calculate the critical buckling load, P cr , the factor K must be determined.
The K factor is taken as 1.0 for a column that has pin joints at both ends or taken as 0.5 for a column that has fixed joints at both ends. The diagonal member in question can rotate at both ends, but is also restrained by the horizontal elements at both ends if it starts to rotate. So the K factor for this member should lie between 0.5 and 1.0.
In Annex G of CSA S16-09 (CSA 2009), there is a recommended method for calculating the K factor for special columns, "Criteria for estimating effective column lengths in continuous frames". From the first part of the Annex, "this Annex only applies to cases related to buckling, i.e., to axially loaded columns and beam columns failing by out-of-plane buckling"(CSA 2009) 1 . Therefore this method applies to this diagonal member and a suitable value of K could be obtained by following the method in this Annex.
When the equivalent I/L of adjacent girders which have rigid connections with the column is known, Fig Because of the variable nature of the height of this diagonal member, the nomograph is not an applicable approach to obtain the K factor. CSA (2009) also offers the equation on which the nomograph is developed along with the definition of G.
Subscripts U and L refer to the joints the two ends of the column section being considered and
where: ∑ = summation for all members rigidly connected to that joint and lying in the plane in which buckling of the column is being considered; I c = moment of inertia of the column about the axes perpendicular to the plane of buckling; L c = unsupported length of a column; I g = moment of inertia of the girder about the axes perpendicular to the plane of buckling; L g = unsupported length of a girder. G.5 in (CSA 2009) states a 1.5 or 2.0 modification factor for the girder stiffness for a given boundary condition of the far end of the girders. Both 1.5 and 2.0 will increase the denominator of G, and the value of G will be decreased which will lead to a smaller K value from the nomograph. In this work, this stiffness modification is not used to be conservative. Therefore the stiffness of the column and the girders are the same. The equation for G is simplified into
The lower joint of the column is connected to the element that is attached to the open web steel joist, and the length of this element is potentially variable. A conservative estimate can be made that L c is set equal to 30 mm for the lower joint G calculation. 30 mm is the total length of the lower element of the strap. Then the calculation of K shall be started with the calculation of G U and G L (when the clear height between the two decks is taken as 200 mm).
A K value of approximately 0.57 could be determined "at the intersection of the straight line between the appropriate points on the scales for G U and G L with the scale for K". As mentioned, this method will work for a fixed length such as this; however it is not an appropriate approach for the whole analysis. In this case, since the calculation is done by spreadsheet, the strategy is to recalculate the value of K by iteration.
Under maximum loading condition, when the deck strap height is 200 mm, the maximum compression force in one leg of the strap is 883 N according to calculation. This force reflects the stress condition of the deck strap when it is in place after construction. During construction, the straps need to be strong enough to endure the construction loads without yielding or buckling. It is conservative to assume that a person's weight should be added into this compression force, as there may be scenarios where a person is walking on the deck while carrying materials. Here, another 1500 N is added into the compression force and then compared to the critical buckling load. This critical buckling load is calculated by using the information above. Therefore, this case is safe under the given assumption.
The same process was repeated for all the other scenarios, including different loading cases and different heights. For each height, the K value should be recalculated with the given information.
Initial imperfection
During transportation and construction, it is possible for the relatively long diagonal member to be bent into a slightly curved shape. So, an initial imperfection may be formed before the deck strap is loaded. This will cause a series of issues that will raise the possibility of structural failure. Therefore, it is crucial that this factor be considered during calculation. Figure 3 demonstrates a deck strap member with an initial imperfection on both legs. During the frame calculation, it was assumed that the curved element is divided at the middle point of the diagonal member where the biggest deformation locates into two straight lines and then both lines are divided into four elements during calculation, eight elements in total for each member, which is substantially the same as the calculation model in Figure 3 .
The effect of initial imperfection on member forces is included in the results and will also influence the buckling condition of the deck strap. Because of imperfections, when a column is loaded there will be an additional moment resulting from the axial load, which will essentially make the loading condition worse. This is similar to the well-known P-Δ effect (Deierlein et al. 2010; Powell 2010) .
There is a standard approach in CSA S16-09 (CSA 2009) to deal with initial imperfections in a frame analysis. A horizontal point load is added to the side of a frame to make the frame sway under load, then, the forces caused by this point load multiplied by a U 2 factor are added into the original calculation. This horizontal point load is called the "notional load" according to S16-09. The concept of notional loads is an internationally recognized technique for transforming a sway buckling problem into a bending strength problem.
It accounts for the effect of initial imperfections in columns and for partial yielding at factored load levels. Thus, it is applied to all load combinations when the potential for sway buckling exists. Also, it accounts for the P-Δ moment directly. If effective length factors greater than one were used in the analysis without notional loads, then they can be set to 1.0. Since all the effective length factors here are less than one, this does not have any effect.
For example, consider a deck strap installed in a re-roofing system which requires a 200 mm clear height and has a loading condition assumed to be the same as Toronto in the previous calculations. The notional load is calculated from the controlling uniformly distributed load in the vertical direction, according to S16-09 Clause 8.4.1. The notional load is acting on the same level as the gravity load as can be seen in Figure 3b . It also includes the bending moment and axial force diagram for this structure under notional load. Calculating the horizontal displacement of the loaded element caused by the total lateral load which, in this case, equals the notional load, V, yields:
The second order effect is contributed by the vertical load acting on its displaced configuration. "Elastic second-order effects may be accounted for by amplifying translational load effects obtained from a first-order elastic analysis by the factor, U 2 " (CISC 2014) 2 . Note that the loading condition does not affect the critical buckling load for the same strap design; therefore the critical buckling load here is the same as the one calculated previously.
In conclusion, the notional load has a very limited effect with slight increases in the results. This design is still safe after the notional load is included in the calculations.
Hygrothermal analysis
Combined heat and moisture (hygrothermal) analysis of the proposed concept was conducted to: (i) determine the hygrothermal performance under various exterior and interior heat and moisture loads, (ii) determine the differences in hygrothermal performance between the two installation methods, (iii) observe the impact of "punch-through" corrosion of existing roof decks by modelling various air exchange rates, and (iv) observe the impacts of saturated insulation in existing roof assemblies that remain after re-roofing.
Hygrothermal analysis was conducted using both WUFI PRO 5.2 (one dimensional) and WUFI 2D 3.3 (two dimensional) software (Fraunhofer Institute 2015) . Base case simulations were conducted for typical flat roof assemblies followed by multiple cases for both installation methods of the proposed concept. Climate data for Toronto (ON) was used in all cases.
One dimensional analysis used the following cases:
-Base: existing roof assembly with no deterioration; default average moisture load; 3 year modelling duration. -Base: existing roof assembly; no deterioration; default medium moisture load; two year modelling duration. -Installation Method 1: two year duration; medium moisture load. WUFI 2D 3.3 is not capable of modelling air exchange sources and therefore modelling the effects of various corrosion levels of the deck was not possible. -Two trials were simulated for Installation Method 2: o Case 1: two year duration; medium moisture load. o Case 2: Case 1 with saturated insulation. The results of the hygrothermal analysis are summarized by the number of hours that wooden elements in the assembly (e.g. sheathing, cover board) were at risk of condensation and decay over the simulation period as wood is the most susceptible to moisture damage and deterioration (Johansson et al. 2012; Hannu, Viitanen 1997; Carll et al. 2007; Hukka, Viitanen 1999) . For the purposes of this research the assemblies will be considered to be subject to condensation when the relative humidity of the wooden elements meets or surpasses 80% (Allinson, Hall 2010) . The assemblies will be considered to be at risk of decay when the water content of the wood elements meets or surpasses 16%, corresponding to 50 kg/m 3 (Carll et al. 2007) . While the wooden members of the assembly are not structural members, their deterioration poses concerns from an energy standpoint (degraded insulation resulting in greater heat loss), as well as from a structural standpoint as moisture laden insulation or cover board can cause corrosion to the steel roof structure due to direct moisture contact or increased humidity in the assembly. Additionally, increased moisture levels in the assembly can cause premature deterioration of the roof membrane (blistering and ridging for example) leading to more frequent maintenance and/or a reduced life span. Figure 4 presents the condensation and decay hours for Installation Method 1. The re-roofed assemblies applying Installation Method 1 show fewer condensation hours than the Base Case and zero decay hours. Fewer condensation hours were even noted in the Medium Moisture Load trials which utilized a 10 year modelling period compared to the three year modelling period of the base case. In all cases Installation Method 1 indicates improved hygrothermal performance compared to the base case. Figure 5 presents the condensation and decay hours for Installation Method 2 with medium, low, and high moisture loads. Using Installation Method 2 generally results in fewer condensation hours than the Base Case in Cases 1-4 and greater condensation hours than the base case in Cases 5-9. This indicates some improvement in hygrothermal performance for the re-roofed assemblies as long as moisture is not stored in the existing insulation of the assembly. Significantly greater condensation hours were present in Cases 5-9, which represent the saturated insulation cases. The reason for this is that moisture stored in the existing insulation is absorbed and stored into the inner wood fibre cover board. This moisture is then not able to dry out over the course of the modelling period, leading to large periods of time when the relative humidity of the wood fibreboard is in excess of 80%.
One dimensional hygrothermal results
With respect to decay potential, the assemblies tend to experience slightly fewer decay hours compared to the Base Case as long as no moisture is stored in the existing insulation. The decay hours of the saturated insulation cases (Cases 5-9) were significantly greater than the Base Case. This highlights the fact that any saturated areas of roofing require full replacement prior to installing the deck straps. Figure 6 reports the condensation and decay hours for both installation methods. The number of condensation hours experienced in the wood cover board of the re-roofed assemblies tended to be less than that of the base case in the two dimensional analysis. The reroofed assembly applied using Installation Method 1 reduced the overall condensation hours compared to the base case. The re-roofed assembly applied using Installation Method 2 resulted in fewer condensation hours for the cover board of the new roof assembly (outer cover board), but resulted in greater condensation hours in the existing cover boards (inner cover board). The increase in condensation hours is greatest for the saturated insulation case, as moisture from the insulation is absorbed into the cover board and is not able to dry out of the assembly.
Two dimensional hygrothermal results
With respect to decay potential, the number of decay hours in the re-roofed assemblies was fewer than the base case in all cases except the saturated insulation case. Again, the moisture contained in the insulation is absorbed by the inner cover board driving the moisture content above the critical threshold of 16% and the cover board is not able to dry below the threshold during the modelling period.
Summary of hygrothermal analysis
Hygrothermal analysis typically showed overall drying trends when using the proposed concept. Initial moisture contained in the materials of the new roof assemblies at the time of installation (e.g. construction moisture) was observed to rapidly dry out except in cases where saturated existing insulation was present as a result of a significant roofing failure. In all cases, new roof assemblies installed using Method 1 showed improvements in hygrothermal performance compared to the base case. All cases analyzing Installation Method 1 resulted in fewer condensation hours and decay hours than the base case indicating low risk of deterioration and decay. This can likely be attributed to the buffering effects of the additional roof deck and air space beneath the re-roofed assembly.
The cases analyzing Installation Method 2 demonstrated more varied results. The re-roofed assemblies applying Method 2 generally showed improvements over the base case in terms of condensation and decay hours for both the outer and inner cover boards except in the saturated insulation cases. The saturated insulation cases always resulted in significantly greater condensation and decay hours in the inner cover board. The moisture contained in the insulation is absorbed into the inner cover board and is not able to dry out over the course of the modelling periods. As the cover board would be well above the critical relative humidity and moisture content levels over a several year period, damage and deterioration is likely. This indicates that should saturated insulation be present when utilizing the proposed concept, Installation Method 2 is not a viable option, whereas Installation Method 1 appears to be a viable option in all cases explored.
Conclusions
This research analyzed a novel proposed concept for re-roofing using a deck strap system in order to minimize disturbance to activities within the building and reduce costs associated with roof removal. To examine the general feasibility of the proposed concept, many assumptions have been made in this research. In practice, the proposed concept will require evaluation on a project specific basis as every structure is different and geometrical conditions are of great importance. Based on this research, the location of the building and the year in which it was construction are major factors as some cities are associated with historical increases in snow loads while others with decreased loads. Also, buildings from different time periods may have different design loads based on the standard that was used at the time of construction, even for buildings in the same area.
For the deck strap design, it was found that the strength of the strap is limited by buckling and determining the critical buckling load is vital. For a standard piece of steel (i.e. gauge 12, 70 mm width), the research suggest that the deck strap will perform satisfactorily. Based on theoretical results, experiments need to be done in order to fully understand the behavior of the proposed concept when it has out-of-plane imperfection and when dynamic loads are applied. The notional load approach could be a possible method to deal with imperfections. While the notional load approach is reasonable for taller frames, for example 10 m, in the deck strap case which is 200 mm tall with a 5 mm imperfection, the approach is less accurate.
Hygrothermal analysis suggests Installation Method 1 appears to be the preferred installation method as it is typically associated with improved hygrothermal performance compared to the base case. Installation Method 2 only appears to be a viable option when the existing insulation in the roof assembly is not saturated. Care must be exercised in selecting the appropriate installation method and will depend greatly on the specific characteristics of the roof that requires repair. While Installation Method 2 would involve less labour than Installation Method 1, installers must be confident that there is little moisture contained in the existing roof insulation in order to avoid moisture damage and deterioration.
